Our group and others have found that the treatment of embryos with trichostatin A (TSA) after cloning by somatic cell nuclear transfer (SCNT) results in a significant improvement in efficiency. We believe that TSA treatment improves nuclear remodeling via histone modifications, which are important in the epigenetic regulation of gene silencing and expression. Some studies found that treatment of SCNT-generated embryos with TSA improved lysine acetylation of core histones in a manner similar to that seen in normally fertilized embryos. However, how histone methylation is modified in TSA-treated cloned embryos is not completely understood. In the present study, we found that TSA treatment caused an increase in chromosome decondensation and nuclear volume in SCNT-generated embryos similar to that in embryos produced by intracytoplasmic sperm injection. Histone acetylation increased in parallel with chromosome decondensation. This was associated with a more effective formation of DNA replication complexes in treated embryos. We also found a differential effect of TSA on the methylation of histone H3 at positions K4 and K9 in SCNTgenerated embryos that could contribute to genomic reprogramming of the somatic cell nuclei. In addition, using 5-bromouridine 5 0 -triphosphate-labeled RNA, we showed that TSA enhanced the levels of newly synthesized RNA in 2-cell embryos. Interestingly, the amount of SCNT-generated embryos showing asymmetric expression of nascent RNA was reduced significantly in the TSA-treated group compared with the nontreated group at the 2-cell stage. We conclude that the incomplete and inaccurate genomic reprogramming of SCNT-generated embryos was improved by TSA treatment. This could enhance the reprogramming of somatic nuclei in terms of chromatin remodeling, histone modifications, DNA replication, and transcriptional activity.
INTRODUCTION
The success of somatic cell cloning in mice gives promise to applications such as species preservation, livestock propagations, and cell therapy for medical treatment [1] [2] [3] [4] . Although cloning mammals by somatic cell nuclear transfer (SCNT) into oocyte cytoplasts has been performed successfully for a decade, the success rate is extremely low, with a high incidence of developmental abnormalities [5, 6] . We have developed several methods, such as inhibition of cytokinesis, timing of enucleation or injection of nucleus, and serial nuclear transfer [3, 7, 8] , but improvement has been minimal. Recently, our group and others have found that treatment with trichostatin A (TSA), an inhibitor of histone deacetylase (HDAC), after cloning by SCNT in a significant improvement in the development rate of mouse clones [9] [10] [11] . After that, significant improvements in cloning efficiency through TSA treatment were also found in the pig, bovine, and rabbit [12] [13] [14] . Some studies showed that treatment of SCNT-generated embryos with TSA improved lysine acetylation on core histones in a manner similar to that in normal embryos in the mouse, pig, bovine, and rabbit [12] [13] [14] [15] . Li et al. [16] reported that TSA treatment decreased the expression of DNA methylation-related genes and increased the expression of pluripotency-related genes in mouse blastocysts. Similarly, TSA treatment of pig embryos increased the expression of pluripotency-and imprinting-related genes at the blastocyst stage [17] . In addition, it was suggested that nuclear reorganization of centromeric/pericentromeric sequences is often abnormal in SCNT embryos and is improved by TSA treatment [18] . However, the mechanism underlying how TSA treatment affects the survival of cloned mouse embryos remains unknown [19] .
Following SCNT into a mature oocyte, the introduced somatic nucleus is controlled by the ooplasm and undergoes complete deacetylation of histones [20] . By contrast, in normal somatic cells, acetylation of histone H3 persists throughout the cell cycle and mitosis [21] . It has been suggested that the reprogramming of gene expression in SCNT-generated embryos is independent of somatic cell types of histone deacetylation [22] . In somatic cells, the induction of histone hyperacetylation is thought to be linked with the conversion of transcriptionally repressive chromatin into transcriptionally permissive chromatin, because hyperacetylation of histone increases the accessibility of transcriptional factors to DNA [23] . Increased histone acetylation has also been associated with the more effective formation of DNA replication complexes [24] .
Early preimplantation embryos contain large accumulations of maternally derived mRNA in the cytoplasm. Following fertilization, this is rapidly degraded, and newly synthesized mRNA is masked. Following SCNT, successful reprogramming of the genome to the state of totipotency requires both continued silencing of somatic-specific genes and activation of essential embryonic genes enabling further embryonic development [25] . Recently, using another HDAC inhibitor, scriptaid, we found enhancement of nascent RNA production in 2-cell SCNT-generated embryos, and the treatment also rescued full-term development in SCNT-generated inbred mice [26] . We also found that a transcriptional corepressor, TIF1b (official symbol, TRIM28), was abnormally expressed in 2-cell SCNT-generated embryos at the time needed for major zygotic gene activation and that scriptaid treatment could overcome this problem (Van Thuan et al., unpublished data). These studies suggest that the effects of HDAC inhibitors on zygotic gene activation are very important for normal development. It has been suggested that in mice, dimethylation of histone H3 at lysine 4 (dime-H3-K4) might be closely correlated with zygotic gene activation [27] , and SCNT-generated embryos showed lower dime-H3-K4 intensity than normally fertilized control embryos at the 2-cell stage when the zygotic genes are activated [28] . In addition, we found that reducing the trimethylation of histone H3 at lysine 9 (trime-H3-K9) by oocyte extracts in somatic cell nucleus could improve cloning efficiency [29] . However, how histone methylation is changed in TSA-treated clones is not completely understood. This must be clarified to make the application of nuclear transfer technology feasible in animal breeding and regenerative medicine, because an understanding of the mechanisms underlying genomic reprogramming is necessary to make cloning more efficient. Here, we examined the effect of TSA on reprogramming of the somatic nucleus in terms of chromatin remodeling, histone modifications, DNA replication, and transcriptional activity in early SCNT-generated mouse embryos.
MATERIALS AND METHODS

Animals
B6D2F1 (C57BL/6J 3 DBA/2) mice were obtained at 8-10 wk of age from SLC. All animal experiments conformed to the Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Committee of Laboratory Animal Experimentation of the Center for Developmental Biology, RIKEN-Kobe, Japan.
Oocyte Collection
Female B6D2F1 mice were superovulated by the administration of 5 IU of equine chorionic gonadotropin, followed 48 h later by 5 IU of human chorionic gonadotropin (hCG). Oocytes were collected from the oviducts approximately 16 h after the hCG injection. After collection, cumulus cells were dispersed with 0.1% hyaluronidase (Sigma-Aldrich) in droplets of Hepes-buffered CZB medium (Hepes-CZB) [30] . After several minutes, the oocytes were transferred to fresh droplets of Hepes-CZB and denuded of almost all cumulus cells by gentle pipetting. Denuded oocytes with a homogeneous ooplasm were selected and resuspended in new droplets of KSOM medium (potassium simplex optimized medium with amino acids; Specialty Media) containing 1% bovine serum albumin (BSA; Sigma-Aldrich) and covered previously with sterile paraffin oil (Nacalai Tesque). The oocytes were then cultured at 378C in a 5% CO 2 atmosphere until used.
Sperm Injection and Nuclear Transfer
Fertilized embryos were produced using intracytoplasmic sperm injection (ICSI). Sperm heads were injected into the oocytes as described elsewhere [31] , except that our experiments were performed at room temperature. Briefly, after washing, the sperm heads were separated from the tails by subjecting the neck to a few pulses using a piezo-activated micromanipulator system (Prime Tech, Aburaki). Only the sperm head was injected into each oocyte. After 10-20 min of recovery, the ICSI-generated embryos were cultured in KSOM at 378C in humidified air with 5% CO 2 for preimplantation development.
Cumulus cell donor nuclear transfer was performed as described elsewhere [32, 33] . To inhibit HDAC, 50 nM TSA was added to the activation media for 6 h. Oocytes were then washed and transferred to KSOM containing 50 nM TSA for 4 h. Following complete washing, zygotes were cultured to permit development. Each group of embryos was cultured to the blastocyst stage and then transferred into pseudopregnant female mice.
Detection of DNA Synthesis
Synthesis of DNA was measured by the incorporation of 5-bromodeoxyuridine (BrdU; Sigma-Aldrich). Embryos were incubated with 10 lM BrdU for 30 min under 5% CO 2 in humidified air at 378C. Embryos were incubated from 15 min before to 15 min after each time point following pronuclear formation at 4, 5, 6, 7, 8, 9, 10, and 11 h postactivation (hpa). The embryos were then fixed in 4% paraformaldehyde, and newly synthesized DNA incorporating BrdU was visualized by indirect immunofluorescence microscopy.
Incorporation of 5-Bromouridine 5
0 -Triphosphate into Embryos and Detection of New Transcripts . Embryos were then transferred into a chamber between electrodes overlaid with a 20 ll-droplet of transcription buffer. Two 80-lsec electric pulses at 250 V/cm of direct current were triggered using an Electro Cell Fusion apparatus (Bex LF101L) with a 2-min interval between pulses. Two minutes after permeabilization, embryos were cultured in CZB medium for 1 h under the same conditions as described above. The embryos were then fixed in 4% paraformaldehyde, and new transcripts incorporating BrUTP were visualized by indirect immunofluorescence. In a negative-control group, 5 lg/ ml of a-amanitin (Sigma-Aldrich), an inhibitor of RNA polymerases II and III, were added to the EP medium, transcription buffer, and KSOM medium. Embryos were activated and cultured as described above.
Immunofluorescence Microscopy
Paraformaldehyde-fixed embryos were treated as described elsewhere [34] . Primary antibodies used here were rabbit polyclonal anti-phospho-histone H3 at serine 10 (1:100 dilution; Cell Signaling Technology, Inc.), rabbit polyclonal anti-phospho-histone H3 at serine 28 (1:100 dilution; Upstate Cell Signaling Solutions), rabbit polyclonal anti-acetyl-histone H3 at lysine 9 (1:100 dilution; Upstate Cell Signaling Solutions), rabbit anti-dimethyl-histone H3 at lysine 4 (1:100 dilution; Abcam), rabbit anti-trimethyl-histone H3 at lysine 9 (1:100 dilution; Abcam), and mouse monoclonal anti-BrdU (6 lg/ml; Roche Diagnostics GmbH). For staining nuclear membrane, mouse monoclonal antilamin B was used (1:100 dilution; Santa Cruz Biotechnology). The secondary antibodies were Alexa Fluor 568-labeled goat anti-mouse immunoglobulin (Ig) G or Alexa Fluor 488-labeled chicken anti-rabbit IgG antibodies (1:200 dilution; Molecular Probes, Inc.). The DNA was stained with 2 lg/ml of 4,6-diamidino-2-phenylindole (DAPI; Molecular Probes).
For detecting DNA synthesis, before incubation with the first antibody fixed embryos were treated with 2 N HCl at room temperature for 1 h, neutralized for 20 min in 100 mM Tris/HCl (pH 8.0), and washed extensively with phosphate-buffered saline containing 1% BSA. Subsequent steps followed the standard protocol for immunofluorescence as described above.
Quantitation of Fluorescence Intensity in Nuclei
Embryos were observed using a Fluoview FV1000 confocal scanning laser microscope (Olympus), and signals from the nuclei were quantified using Fluoview FV 1.4a software (Olympus) as follows: Fluorescence intensities of nuclei were measured by manually outlining all nuclei in the display. Nuclei were selected randomly. The total intensity in each nucleus was measured from five different regions, and the background value for the cytoplasm was subtracted. This calculated intensity was multiplied by the nuclear volume (v ¼ 4prcategorized nascent RNA expression into three classes based on the fluorescent intensity: high (.60%), medium (20-60%), and low (,20%).
Statistical Analysis
Student t-test was used to calculate the significance of any differences between experimental groups in the immunofluorescence studies. The data were subjected to arcsine transformation for each replication to normalize them. The transformed values were analyzed using one-way ANOVA, and P , 0.05 was considered to be statistically significant.
For experiments to examine DNA replication in SCNT embryos without TSA treatment (NTÀTSA) and with TSA treatment (NTþTSA), the data were obtained from three replicate experiments in which approximately 60 embryos were analyzed for each indicated time in each group (16 groups in all). For experiments to examine the levels of histone H3 phosphorylation at serines 10 and 28 (P-H3-S10 and P-H3-S28), the data were obtained from three replicate experiments in which 60 embryos were analyzed for each indicated time in each group. Three groups were used for the analysis of P-H3-S10 and 27 groups for the analysis of P-H3-S28 (including control fertilized, NTÀTSA, and NTþTSA embryos). For experiments to examine nuclear volume and histone H3 acetylation at K9 (Ac-H3-K9) in NTÀTSA and NTþTSA embryos, the data were obtained from 480 embryos for the analysis of nuclear volume and 240 embryos for the analysis of Ac-H3-K9 levels. For experiments to examine dime-H3-K4 and trime-H3-K9, the data were obtained from four replicate experiments in which approximately 60 embryos were analyzed for each stage in each group (12 groups in all, including control fertilized, NTÀTSA, and NTþTSA embryos). For experiments to examine expression of nascent RNA production, the data were obtained from four replicate experiments in which 110, 120, and 120 embryos were analyzed for control fertilized, NTÀTSA, and NTþTSA embryos, respectively. Finally, for experiments to examine chromosome morphology at the 2-cell stage, the data were obtained from three replicate experiments in which 80, 75, and 78 embryos were analyzed for control fertilized, NTÀTSA, and NTþTSA embryos, respectively.
RESULTS
TSA Promotes DNA Replication in SCNT Embryos
In control ICSI-fertilized embryos, DNA replication was initiated earlier in the male than in the female pronucleus. The typical pattern of DNA replication in the male and female pronucleus starts at 4 and 5 h, respectively, and finishes at 9 and 10 h, respectively, after sperm injection (Bui et al., unpublished data). We showed that DNA replication initially occurred uniformly in the intranuclear region and then only in the peripheral regions of the nucleus and nucleolus in both male and female pronuclei (Bui et al., unpublished data) . Similarly, the typical patterns of DNA replication in NTÀTSA and NTþTSA embryos are shown in Figure 1A . Replication 456 occurred initially in the intranuclear region in 40% of NTþTSA embryos at 4 hpa (Fig. 1, Ah and B) , whereas it was not detected in any pronuclei of the NTÀTSA embryos at the same time (Fig. 1, Aa and B) . At 5 hpa, some of the NTÀTSA embryos had started DNA replication, whereas most of the NTþTSA embryos showed clear BrdU signals in the intranuclear region (Fig. 1, Ab, Ai, and B) . At 6 hpa, 21% of the NTþTSA embryos had incorporated BrdU in the perinuclear and perinucleolar regions, although all the NTÀTSA embryos still incorporated BrdU uniformly in the intranuclear region (Fig. 1B) . At 7 hpa, 70% of the NTþTSA embryos displayed DNA replication in the perinuclear and perinucleolar regions, whereas only 14% of the NTÀTSA embryos showed this pattern (Fig. 1B) . At 9 hpa, all the NTþTSA embryos displayed DNA replication in the perinuclear and perinucleolar regions, whereas 23% of the NTÀTSA embryos still showed intranuclear incorporation (Fig. 1B) . In NTþTSA embryos, most of the pronuclei had completed DNA replication by 10 hpa (Fig. 1A-n) , whereas the NTÀTSA group finished after 11 hpa. Thus, TSA clearly promoted DNA replication in SCNT-generated embryos.
TSA Treatment Increased Nuclear Volume and Chromosome Decondensation
In agreement with the known effect of TSA on chromatin decondensation in interphase somatic nuclei [35] , we examined the nuclear envelope by lamin B immunostaining in embryos at 6, 8, 10, and 12 hpa. In our experimental conditions, embryos formed pronuclei at 4 hpa. After that, the nuclei enlarged until FIG. 2. P-H3-S10 and P-H3-S28 in SCNT-generated NTÀTSA and NTþTSA embryos. Embryos selected at 10, 11, 12, 13, 14, 15, 16, 17 , and 18 hpa were immunostained to detect P-H3-S10 or P-H3-S28. A) Embryos at 12 hpa were immunostained to detect P-H3-S10. B and C) Embryos at various times (hpa) were immunostained for P-H3-S28 in both groups. Classification of chromosome condensation was as follows: decondensed chromosomes, P-H3-S28 was detected only around the nucleoli in the pronucleus (C-b and C-e); condensing chromosomes, P-H3-S28 was detected both around nucleoli and around condensing chromosomes in the pronucleus (B-b and B-e); condensed chromosome, P-H3-S28 was detected in chromosomes (B-h and C-h). Bar ¼ 10 lm. D) Percentage of embryos showing the three levels of chromosome condensation. Classification of chromosome condensation was based on the localization of P-H3-S28 as detailed above.
HDACs AND SOMATIC CELL REPROGRAMMING 457 10 hpa (Fig. 1) . From 10 hpa, the chromatin started to condense to form metaphase-stage chromosomes at 14 hpa (Fig. 2) . We found an increase in the nuclear volume in NTþTSA embryos. Compared with NTÀTSA embryos, TSA caused an increase in the nuclear volume of approximately 15-20% (Fig. 3A) .
We showed that histone H3 is phosphorylated at serines 10 and 28 (P-H3-S10 and P-H3-S28, respectively) in condensed and condensing chromosomes, respectively, in pig embryos [34, 36] . Using these markers to examine chromosome decondensation, we found that as in pig embryos, the condensing chromosome did not show any signal of P-H3-S10 in either NTÀTSA or NTþTSA embryos after 12 hpa (Fig.  2A) . Therefore, we used P-H3-S28 to examine chromosome decondensation in these embryos.
P-H3-S28 was detected around the nucleoli of pronuclei in both NTÀTSA and NTþTSA embryos (Fig. 2 , Bb and Cb), as in control fertilized embryos (data not shown). However, P-H3-S28 was also detected in some parts of condensing chromosomes in NTÀTSA embryos after 10 hpa (Fig. 2, Bb and D) , but we could not detect any signal of P-H3-S28 in chromosomes of NTþTSA embryos at the same time (Fig. 2,  Cb and D) . By 12 hpa, 62% of embryos showed condensing chromosomes with high expression of P-H3-S28 in both nucleoli and chromosomes in the NTÀTSA group (Fig. 2 , Be and D), but we could not detect P-H3-S28 in any chromosomes of the NTþTSA embryos (Fig. 2, Ce and D) . This indicated that TSA increased the rate of chromosome decondensation in embryos. After 13 hpa, 19% of embryos showed the premetaphase stage with P-H3-S28 on condensed chromosomes in the NTÀTSA group, but we could not detect this in the NTþTSA group (Fig. 2D) . After 14 hpa, 71% of NTÀTSA embryos showed the metaphase stage with nuclear membrane breakdown, as shown by the disappearance of lamin B immunostaining (Fig. 2, Bi and D) . However, 59% of the NTþTSA embryos were in premetaphase with lamin B immunostaining closely associated with the chromosomes (Fig. 2, Ci and D) , similar to fertilized embryos (data not shown). At 16 hpa, most embryos showed metaphase or anaphase/telophase stages, with the nuclear membrane completely disassembled in both groups (Fig. 2 , Bl and Cl). Finally, more than half of the embryos reached the early 2-cell stage by 18 hpa (Fig. 2 , Bm-Bo and Cm-Co), and no significant differences were found in NTÀTSA, NTþTSA, and control fertilized embryos at this stage. Although the time for chromosomes to reach the metaphase stage was not significantly different between the NTÀTSA and NTþTSA groups, FIG. 3 . Effects of TSA on nuclear volume and Ac-H3-K9 in SCNT-generated NTÀTSA and NTþTSA embryos. A) Change in nuclear volume in embryos of NTÀTSA (À)and NTþTSA (þ) group. Embryos selected at 6, 8, 10, and 12 hpa were immunostained for lamin B. The mean nuclear volume in the NTÀTSA embryos at 6 h was set arbitrarily to 100%, and the nuclear volumes in each group at various times were expressed relative to this value. B) Intensity of Ac-H3-K9 in pronuclei of NT ÀTSA and NTþTSA embryos at 6 and 10 hpa. Histone acetylation is shown in green and the nuclear envelope is shown in red. Bar ¼ 10 lm. C) Quantification of Ac-H3-K9 in pronuclei of NTÀTSA and NTþTSA embryos at 6 and 10 hpa. Each column represents the normalized mean value of intensity per embryo stage. Error bars represent the SEM.
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TSA treatment increased the time taken for chromosome decondensation.
Differential Effects of TSA on Methylation of Histone H3 at Positions K4 and K9 in SCNT Embryos
Because it is widely accepted that TSA increases lysine acetylation on core histones, we confirmed the effect of TSA on Ac-H3-K9. TSA treatment increased the levels of Ac-H3-K9 to 2.0-and 1.7-fold at 6 and 10 hpa, respectively, compared with control SCNT-generated embryos (Fig. 3, B and C) . Acetylation in NTþTSA embryos was expressed at a rate similar to that seen in normally fertilized control embryos (data not shown).
We aimed to determine whether TSA treatment would affect histone methylation in SCNT-generated embryos. It has been suggested that methylation at K4 and K9 of histone H3 plays opposite roles in structuring repressive or accessible chromatin domains in higher eukaryotes, with K4 methylation being associated with transcriptionally active chromatin and K9 methylation with inactive chromatin [37] . Therefore, we examined the effect of TSA on dime-H3-K4 and trime-H3-K9 in ICSI-fertilized, NTÀTSA, and NTþTSA embryos at 12 h (1-cell stage) and 24 h (2-cell stage) after ICSI or activation.
At 6 h after sperm injection, dime-H3-K4 was detected in female pronuclei but not in male pronuclei, as with trime-H3-K9 in fertilized control embryos (data not shown). However, 12 h after sperm injection, dime-H3-K4 become detectable in both male and female pronuclei (Fig. 4Ad) , whereas trime-H3-K9 was asymmetrically expressed in the zygotic pronuclei (Fig.  4Bd) .
The SCNT embryos exhibited lower levels of dime-H3-K4 than control fertilized embryos at 12 h after activation or sperm injection, but TSA treatment induced significantly higher levels of dime-H3-K4 in NTþTSA embryos (Fig. 4 , Ad-Af and C). Increased levels of dime-H3-K4 were found in all types of embryo at the 2-cell stage (Fig. 4, Aj-Al and C) . However, control ICSI-fertilized embryos showed significantly higher HDACs AND SOMATIC CELL REPROGRAMMING 459 intensities than SCNT-generated embryos, and TSA treatment increased the dime-H3-K4 signals to levels similar to those in control embryos.
In contrast, SCNT-generated embryos exhibited higher levels of trime-H3-K9 than control embryos at 12 h after activation or ICSI, and TSA induced low levels of trime-H3-K9 in SCNT-generated embryos (Fig. 4, Bd-Bf and D) . Although the levels of trime-H3-K9 in NTþTSA embryos were still higher than those in the control fertilized embryos, the expression was significantly lower than that in nontreated embryos at both the 1-cell and 2-cell stages (Fig. 4D) . This indicated that aberrant methylation reprogramming of somatic chromatin was improved by TSA treatment in SCNT-generated embryos.
TSA Treatment Increased Nascent RNA Production in 2-Cell SCNT-Generated Embryos A high level of newly synthesized mRNA was detected in 80% of 2-cell ICSI-fertilized embryos (Fig. 5, Ab and B) (n ¼ 110), whereas the SCNT-generated embryos had a meager pool of nascent mRNA (Fig. 5Ad) . A high level of newly synthesized mRNA was only detected in 4% of NTÀTSA 2-cell embryos. However, it increased to 15% of NTþTSA 2-cell embryos (Fig. 5B) (n ¼ 120 for each SCNT group). Asymmetric expression of nascent RNA was observed in SCNT-generated embryos that was not found in control fertilized embryos (38%, n ¼ 120 and 0%, n ¼ 110, respectively) ( Fig. 5A-d, arrow) . Surprisingly, the amount of SCNT-generated embryos showing asymmetric expression of nascent RNA was reduced significantly in the TSA-treated group (17%, n ¼ 120) compared with the nontreated group at the 2-cell stage. Negative-control embryos were treated with aamanitin in all experimental groups and did not show BrUTP signals.
At the 2-cell stage, 58% of SCNT-generated embryos showed one or a few fragments of chromosomes located separately from the normal nuclear chromosomes, but we could not detect this morphology in ICSI-fertilized embryos (Fig. 5D ) (n ¼ 75 and 80 for SCNT and control embryos, respectively). Although these 2-cell embryos appeared to have normal morphology under Nomarski optics (Fig. 5Da) , the abnormal chromosome fragments were shown clearly by DAPI staining (Fig. 5Db) . This type of anomaly was reduced to 39% of embryos in the NTþTSA group (n ¼ 78). Interestingly, the percentage of embryos displaying this abnormal morphology appeared to be associated with the percentage of SCNTgenerated embryos that failed to develop to the blastocyst stage FIG. 5. Nascent RNA expression at the 2-cell stage in control ICSI-fertilized and SCNT-generated NTÀTSA and NTþTSA embryos. Embryos selected at 24 h were subjected to electrical permeabilization in the presence of BrUTP, cultured for 1 h, and collected for the detection of BrUTP-labeled RNA transcripts by immunofluorescence confocal microscopy. A) Immunofluorescent images of fertilized (a and b) and SCNT-generated 2-cell embryos (c and d). Circles indicate high levels of nascent RNA, and arrows indicate the SCNT-generated embryos with asymmetric expression of nascent RNA. Bar ¼ 100 lm. B and C) Classification of nascent RNA based on the intensity of nuclear fluorescence in the 2-cell embryos of control fertilized, NTÀTSA, and NTþTSA embryos. The maximum nuclear fluorescence of fertilized embryos at each repeat experiment was set as 100%. Error bars represent the SEM. The fluorescence intensity observed for each sample was expressed relative to this value as high (.60%), medium (20-60%) or low (,20%). Bar ¼ 10 lm. D) Abnormal chromosome morphology and nascent RNA production in SCNT-generated embryos at the 2-cell stage. Embryos were labeled with BrUTP and collected for the detection of BrU-labeled RNA transcripts and Ac-H3-K9 by immunofluorescence microscopy. The embryo shows asymmetric expression of nascent RNA, and the arrows show fragments of chromosome located away from the nuclear chromosomes. Nascent RNA is shown in red and histone H3 acetylation at K9 is shown in green. The DNA was counterstained with DAPI (blue). Bar ¼ 10 lm.
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BUI ET AL. (Table 1 ) (63% and 35% for NTÀTSA and NTþTSA, respectively). Although we did not track abnormal chromosome morphology from the 2-cell to the blastocyst stage, the different rates of development to the blastocyst stage in the NTÀTSA and NTþTSA groups suggest that the developmental deficiency in SCNT-generated embryos could be associated with abnormalities in chromosomal morphology.
DISCUSSION
A number of studies have shown that epigenetic reprogramming is severely restricted in SCNT-generated cloned embryos, with the majority exhibiting histone hypoacetylation and hypermethylation. Our group demonstrated that treatment with HDAC inhibitors after SCNT resulted in a significant improvement in the efficiency of mouse cloning [9, 26] . We believe that TSA treatment improves the processes of nuclear remodeling with histone modifications, which are important in epigenetic regulation of gene silencing and expression. SCNT cloning has similarities to normal fertilization in that an exogenous nucleus is introduced into the cytoplasm of a metaphase II oocyte, where its chromatin can undergo alterations that equip it to direct embryonic development [38] . These underlying physical alterations are termed chromatin remodeling. We showed that TSA caused an increase in chromosome decondensation and nuclear volume in SCNT-generated embryos to levels similar to those seen in ICSI-generated control embryos. TSA treatment increased the levels of histone acetylation in parallel with chromosome decondensation. This increased histone acetylation was probably associated with a more effective formation of DNA replication complexes in treated embryos. It has been suggested that the level of histone acetylation has a direct effect on the timing of DNA replication, because lower acetylation levels delay and high levels stimulate replication [39] . This could explain our data showing that TSA promoted DNA replication in treated embryos.
Most of the currently known HDAC inhibitors act to increase histone acetylation levels on most amino acid residues. This leads to a relaxation of the chromatin structure and formation of a transcriptionally permissive state [40, 41] . Studies on gene expression showed that TSA treatment of mouse SCNT-generated embryos increased the levels of transcription of Erv4 (MuERV-L) and Eif1ax (eIF-4C), genes that are active during zygotic gene activation, and of Mos (cmos), an oocyte-specific gene [22] . In addition, TSA treatment increased the expression levels of Sox2 and Myc (cMyc) genes in blastocysts [16] . However, a study on global gene expression in bovine SCNT-generated embryos at the blastocyst stage has shown that they are similar to normally fertilized control embryos [42] . It is not clear whether these increased levels of gene expression are effective for improving the success rate of mouse cloning. Actually, these methods analyzed total RNA present and did not investigate the regulation of zygotic gene expression, because they did not yield information on newly synthesized RNA. Using BrUTPlabeled RNA, our group demonstrated that treatment with the HDAC inhibitor scriptaid enhanced the levels of newly synthesized RNA in 2-cell SCNT-generated mouse embryos; the levels in untreated embryos were significantly lower than those in control fertilized embryos [26] . Here, we showed that TSA also enhanced the levels of newly synthesized RNA in 2-cell SCNT-generated embryos. Interestingly, the percentages of 2-cell embryos showing asymmetric RNA transcription were significantly lower in TSA-treated than in untreated embryos. Therefore, the production of nascent RNA for protein synthesis during early zygotic gene activation is important for the successful development of SCNT-generated cloned embryos. In addition, the levels of abnormal chromosomal fragments at the 2-cell stage were also improved by TSA treatment. We showed in a previous study that at the second metaphase stage, the oocyte's chromosomes are normally located in the metaphase plate at the equator of the spindle. By contrast, injected somatic cell chromosomes are located on spindle poles, dispersed along the spindle, or dispersed in the ooplasm away from the spindle [20] . This abnormal localization of chromosomes might lead to the chromosomal fragments seen in 2-cell SCNT-generated embryos.
Importantly, TSA treatment can increase the level of methylation of histone H3 at K4 in SCNT-generated embryos. Little information is available about genomic reprogramming involving histone methylation in embryos. In particular, the effect of TSA on histone methylation in cloned embryos treated after SCNT is still unknown, with the exception of one report that TSA treatment showed no effect on the distribution and disappearance of H3-K9 trimethylation in cloned embryos [15] . Using serial confocal microscopy sections from the top to the bottom of nuclei, we confirmed that TSA promoted genomic reprogramming through histone methylation significantly compared with nontreated embryos. Actually, unlike the methylation of H3-K9, methylation of H3-K4 is not attributed just to the maternal genome but appears shortly after the acquisition of histones by the paternal pronucleus. Therefore, normally fertilized embryos showed high levels of dime-H3-K4 at the late 1-cell stage, and TSA treatment also increased the levels of dime-H3-K4 in SCNT-generated embryos. Histone methylation at K4 is correlated with the activity of gene promoters [43, 44] . Therefore, the increased levels of dime-H3-K4 in late 1-cell control and TSA-treated SCNT embryos perhaps act in preparation for transcription activity in 2-cell embryos. These findings are consistent with our data showing that TSA treatment enhanced nascent RNA production in 2-cell SCNT embryos. However, whereas histone H3-K4 methylation is believed to lead to the initiation of gene transcription, it has also been suggested that histone H3-K9 methylation levels are correlated with gene silencing [45, 46] . Histone H3-K9 trimethylation is only attributed to the maternal genome and is completely absent from the paternal genome in the zygote. Therefore, 1-cell fertilized embryos, in terms of the numbers of asymmetrically methylated female and male pronuclei, showed low levels of trime-H3-K9. Interestingly, HDACs AND SOMATIC CELL REPROGRAMMING although the levels of trime-H3-K9 in TSA-treated SCNTgenerated embryos were still higher than those in the control fertilized embryos at both the 1-and 2-cell stages, expression was significantly lower in treated than in nontreated embryos. This indicated that the incomplete and inaccurate genomic reprogramming of SCNT-generated embryos was improved by TSA treatment.
In conclusion, we have demonstrated that TSA induced improvements in nuclear remodeling at the beginning of development in SCNT-generated cloned embryos, which might support a more accurate regulation of embryonic development. Our findings suggest that this initial somatic cell chromatin remodeling plays an important role in genomic reprogramming and is important for the further development of cloned embryos.
